Abstract: Using molecular dynamics simulations, we find an in-plane negative Poisson's ratio intrinsically existing in the graphene-based three-dimensional (3D) carbon foams (CFs) when they are compressed uniaxially. Our study shows that the negative Poisson's ratio in the present CFs is attributed to their unique molecular structures and triggered by the buckling of the CF structures. This novel mechanism makes the negative Poisson's ratio of CFs strongly depend on their cell length, which offers us an efficient means to tune the negative Poisson's ratio in nanomaterials. Moreover, as the buckling modes of CFs are topographically different when they are compressed in different directions, their negative Poisson's ratio is found to be strongly anisotropic, which is in contrast to the isotropic positive Poisson's ratio observed in CFs prior to the buckling. The discovery of the intrinsic negative Poisson's ratio in 3D CFs will significantly expand the family of auxetic nanomaterials. Meanwhile, the novel mechanism of nano-auxetics
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honeycomb CF which contains mixed sp 2 -sp 3 carbon bonds, the present triangular CF uniquely contains sp 2 carbon bonds only, which is thus considered to be a unique 3D CNM [4] . The structural stability of these triangular CF structures has been confirmed by Wu et al. [4] in their density-functional theory (DFT) calculations, which strongly proves the possibility of synthesizing these triangular CF structures in experiments. It is highly expected that the novel fabrication technique developed recently for the honeycomb CFs [6, 14] can be extended to fabricate the triangular CFs in the near future. Although the physical properties of honeycomb
CFs have been well studied recently [4-10, 12, 13] , these results may be not applicable for their triangular counterparts because honeycomb and triangular CFs possess vastly different molecular structures. Indeed, Wu et al. [4] reported that the Young's modulus of triangular CFs is greatly larger than that of their honeycomb counterparts. This pioneering study to some extent denotes that the triangular CFs may have some unique mechanical properties when comparing to their honeycomb counterparts.
Motivated by these ideas, this paper aims to achieve a comprehensive understanding of the fundamental mechanical properties of triangular CFs. In doing this, molecular dynamics (MD) simulations are performed to measure the mechanical properties including Young's modulus and
Poisson's ratio of CFs with different cell lengths. A large Young's modulus is detected in the present triangular CFs, which is also found to depend on their cell length. More importantly, we find a negative Poisson's ratio in CFs leading to contraction in transverse directions when they are under uniaxial compressive loads. Theoretical analyses are also conducted to reveal the physical mechanisms behind these unique behaviours.
In the present study, classical MD simulations are adopted to investigate the mechanical behaviours of triangular CFs. Specifically, in the simulations the interactions between carbon 4 atoms in CFs are described by the intermolecular reactive empirical bond order (AIREBO)
potential [15] . This AIREBO potential has been widely utilized in investigating the mechanical behaviours of various CNMs including carbon nanotubes [16, 17] , graphene sheets [18, 19] and honeycomb CFs [5, 12, 13] . MD results based on this AIREBO potential are proven to be in good agreement with experimental data [20] and also results of density functional theory (DFT)
simulations [21] . In each simulation, the molecular structure of a triangular CF structure is initially built using the lattice constant calculated based on first-principles [4] and subsequently relaxed to a minimum energy state using the conjugate gradient algorithm. The achieved energyminimized structures of CFs are thus ready for MD simulations of the mechanical behaviours. In doing this, after the periodic boundaries are applied in all directions (i.e., x, y and z directions),
CFs are relaxed for a certain period (100000 time steps) to minimize the internal energy and reach an equilibrium state at the temperature of 1 K and pressure of 0 Pa. In this process, the barostat (NPT) -Hoover thermostat algorithm [22] are utilized to maintain the constant temperature and pressure. The system is then further regarded as a microcanonical ensemble (NVE) for 50000 time steps to check the equilibrium state. Here, we set the system temperature as 1 K because the influence of thermal fluctuation is extremely small at such a low temperature. In addition, the velocity Verlet algorithm with a time step of 1 fs is utilized to integrate the Hamiltonian equations of motion determined by wt ' c w. After the full relaxation, the CF structures are quasi-statically loaded under a uniaxial compressive load along x or y direction as shown in Fig. 1a . In doing this, we apply the compressive mechanical strain along one direction (x or y direction) of CFs, while the CF structure is allowed to fully relax in the transverse direction. In this process, periodic boundary conditions are also applied in the transverse direction, while both ends in the axial direction are translated rigidly to apply the 5 tensile deformation to the CFs. Moreover, to simulate the quasi-static load applied on the CF structures in simulations we choose a relatively low strain rate of 0.01 ns -1 . In the present study, all MD simulations are conducted using a large-scale atomic/molecular massively parallel simulator (LAMMPS) [23] .
The MD techniques detailed above are employed to study the mechanical behaviours of 
where Y is the tensile rigidity of graphene. In Fig. 3 we find our MD results can be well fitted by Eq. 1. Both MD calculations and theoretical predictions prove the significant dependence of the Young's modulus of CFs on their cell length, which indicates that the elastic properties of CFs can be efficiently tailored by adjusting their cell length. Moreover, as a cellular nanomaterial with relatively low mass density  [4] , it is expected that CFs could have high specific strength, 7
i.e., / E  . Indeed, in the inset of Fig. 3 we see that the specific strength of the present triangular CFs is around 3 149 GPa cm /g  , which is about three times larger than the value of their honeycomb counterparts [6] . Moreover, in Fig. 3 the specific strength of CFs is found to be almost independent on the cell length. The cell length-independent specific strength of CFs can be attributed to the fact that, similar to their Y u g' u u , the mass density of CFs is also proportional to the inverse of the cell length, i.e., enhancing indentation resistance and so on [27, 28] .
To better understand the mechanism of th g tiv P i ' r ti in the present triangular CFs induced by the buckling, we will analyse the configuration of CFs after buckling.
In Figs. 4c and 4d we show the unit cells of the buckled CFs when they are compressed along x and y directions, respectively. Moreover, to facilitate the following discussion we choose a representative component graphene sheet from the unit cells and note it as sheet ab in Figs. 4c and 4d. It can be seen from Figs. 4c and 4d that the buckling of CFs will induce the rotation of the central hexagon carbon ring. In response to this rotation, the entire structure of sheet ab which is connected to the hexagon carbon ring through atom a will move inward. Moreover, in addition to the movement of the entire structure of sheet ab, the rotation of the central hexagon carbon ring will also induce the bending of sheet ab, which makes it transfer from a flat structure to a curved structure. As a result, the effective distance between the two ends of sheet ab, i.e., the distance between atoms a and b will become smaller due to the bending deformation. 
From Eq. 2 we see that, as we predicted above, the negative Poisson's ratio of CFs indeed decreases as the cell length increases. Specifically, when the cell length is relatively large, yx  predicted from Eq. 2 ultimately becomes -0.2, which is in good agreement with MD results shown in Fig. 5d .
From the above discussion, it is clear that the buckling of CFs plays a key role in initiating the negative Poisson's ratio in CFs. Thus, it is of great importance to understand the buckling behaviours of CFs. In Fig. 6a we plot the critical buckling stress of CFs with different cell lengths. We can see from Fig. 6a that the critical buckling stress decreases as the cell length increases, irrespective of the direction of the load applied on CFs. For example, when the CFs are compressed along the x direction, their critical buckling stress is found to drop from 6.0 GPa to 0.4 GPa when the cell length increases from 1.3 nm to 2.8 nm. In the same process, the critical buckling stress declines from 6.3 GPa to 0.7 GPa when CFs are compressed along the y direction.
In fact, Fig. 4 shows that the buckling of CFs is triggered by the Euler buckling of their component graphene elements. According to the well-known Euler buckling theory [29] the critical buckling stress cr T of the component graphene elements can be expressed as
Here, D is the bending stiffness of graphene. n is the end constraint factor and ranges from 0.5 to 2 [25, 29] , depending on the degree of constraint to rotation at two ends of the component graphene sheets. After applying the stress analysis to the unit cell of the continuum model of CFs shown in Fig. 6b we can approximately obtain the effective stresses 1 T in the inclined cell wall Finally, it is worth mentioning that since the first report of the negative Poisson's ratio behaviour in nanomaterials in 2014 for both black phosphorus [30] and metal nanoplates [26] , numerous intrinsic and extrinsic mechanisms have been found or proposed to generate the negative Poisson's ratio (or so-called auxeticity) in nanomaterials [31] . Most reports of the auxeticity are in the 2D nanomaterials, e.g., black phosphorus [30] , graphene [32] [33] [34] [35] [36] [37] [38] [39] , borophene [40, 41] , 2D transition metal dichalcogenides [42] and 2D silica [43, 44] . However, very few reports of 3D nanomaterials have emerged. In the present study we report that recently proposed graphene-based 3D CFs intrinsically possess a large and tunable in-plane negative Poisson's ratio due to their unique molecular structures. The negative Poisson's ratio in the present 3D CFs is achieved through their mechanical instabilities (i.e., buckling). It is expected that the new mechanism of nano-auxetics detected in the present CFs can be extended to generate similar negative Poisson's ratio behaviours in other 3D network nanostructures made from the elements of 2D graphene sheets (or nanofilms) or 1D nanotubes (or nanowires). Moreover, recently similar buckling mechanism is also treated as a new means to achieve the negative Poisson's 14 ratio in macroscopic materials [45] [46] [47] [48] [49] , in which the negative Poisson's ratio is found to strongly depend on the structural configuration of materials. Thus, it is also highly expected that the macroscopic materials with a triangular configuration similar to the present CFs will have similar negative Poisson's ratio behaviours. This prediction is confirmed by our buckling analysis of a macroscopic foam structurally analogous to the present CFs. When the macroscopic foams are compressed along x and y directions, their buckling modes are shown in Figs. 7a and 7b, respectively, which are found to resemble to the structures of the buckled CFs shown in Fig. 4 .
Here, the buckling analysis is performed by using finite element (FE) calculations, which are carried out using the commercial code ANSYS. In this process, BEAM3 element is selected to 
